Context: Traumatic experiences in early childhood are associated with increased risk of developing stressrelated disorders, which are linked to structural brain abnormalities. However, it is unclear whether these volumetric brain changes are present before disease onset or reflect the consequences of disease progression.
T

RAUMATIC EXPERIENCES
during early childhood have been consistently associated with increased risk of developing stressrelated neuropsychiatric disorders later in life including depression, anxiety, and substance abuse. 1, 2 Brain-imaging studies have demonstrated morphologic changes in healthy adults exposed to early-life stress, 3 children exposed to abuse, 4 and children and adults with maltreatment-related posttraumatic stress disorders (PTSDs). 5, 6 These findings suggest that regional brain abnormalities may be present before the onset of disease and, thus, are a risk factor for subsequent stress-related neuropsychiatric disorders. However, retrospective clinical studies can be difficult to interpret because of the variety of experiences that can be considered traumatic, differences in the timing and intensity of the stressors, and the unknown effects of medications. Moreover, the long-term effects of stress exposure may be delayed or expressed only when the vulnerable brain system reaches maturation. 7 It is, therefore, important to clearly define and control for the type and duration of the stressor and for the developmental stage during stress exposure and at the time of brain measurement to clarify whether the reported brain abnormalities were present before illness onset or reflect the consequences of disease progression.
Evidence from human and preclinical studies indicates that the hippocampus (HC), cerebellum (CB), prefrontal cortex (PFC), and corpus callosum (CC) are particularly susceptible to stress.
2 These brain regions have a long period of postnatal development, relatively high levels of glucocorticoid receptors (GRs), and, in the case of the HC, some degree of postnatal neurogenesis that may contribute to their vulnerability to stress. 2, 8, 9 Not only are these brain regions vulnerable to stress together with many of their prominent connections, including the anterior cingulate cortex (ACC), but they also have been implicated in emotional regulation and stress reactivity, [10] [11] [12] which suggests a risk factor for stress-related neuropsychiatric disorders later in life. In support of this conjecture, decreased volume of both the rostral ACC (rACC) and dorsal ACC (dACC) has been found in adults exposed to early-life stress, 3, 13 and reduced HC volume has been demonstrated in adults exposed to chronic stress. 14 Further, CB vermis (CBV) abnormalities have been reported in adults who were abused during childhood, 15 and a smaller CC is found in neglected children. 4, 16 Results of preclinical studies and studies in human beings have shown that early-life stress induces both acute and long-term dysregulation of the hypothalamic-pituitaryadrenal (HPA) axis 17 and the serotonin (5-hydroxytriptamine]) system. 18 Dysfunctions of both systems have been widely implicated in mood and anxiety disorders, 19 and the 2 systems have reciprocal influences. 20 Together, these data suggest that abnormal brain development after early-life stress may, at least in part, be related to dysregulation of the HPA axis and the serotonin system.
The objective of the present study was to determine whether exposure to an adverse environment during infancy leads to long-term morphologic changes in vulnerable brain structures in nonhuman primates. Comparative studies have shown a high degree of homology between the human and nonhuman primate brain, especially in PFC regions. 21 Further, compared with rodents, primate PFC and CB exhibit higher levels of GRs, 22 which highlights the importance of using nonhuman primates reared in a wellcontrolled environment to model the consequences of earlylife stress on human brain development.
We acquired anatomical brain images in juvenile rhesus monkeys that were reared either with their mothers and social group (mother reared [MR]) or with 3 infants of about the same age (peer reared [PR] ). Peerrearing is an established model of early-life adversity that alters the HPA axis and the serotonin system and induces high levels of anxiety throughout development to adulthood. [23] [24] [25] [26] [27] [28] [29] We hypothesized that stress-sensitive brain regions including the medial PFC (mPFC, which includes the rACC), dACC, HC, CBV, and CC would be smaller in juvenile PR monkeys compared with MR monkeys. To control for the specificity of any changes in the prefrontal regions, the posterior part of the cingulate cortex (PCC) and the entire prefrontal lobe (PFL) were also measured. Because peer-rearing induces long-term changes in the HPA axis and the serotonin system, 25, 27, 28 we hypothesized that baseline activity of the HPA axis and the serotonin system at the time of the study would be related to regional structural changes. Thus, plasma levels of cortisol and cerebrospinal fluid (CSF) levels of the main serotonin metabolite, 5-hydroxyindoleacetic acid (5-HIAA), were determined.
METHODS
SUBJECTS
Twenty-eight rhesus monkeys (Macaca mulatta) aged 23 to 32 months were used for the study. The monkeys, representing 2 birth cohorts, were born and housed at the National Institutes of Health Animal Center in Poolesville, Maryland. The animals were randomly divided at birth into 2 groups, which resulted in different social and rearing experiences early in life. The MR monkeys (n=15; 7 male and 8 female) were reared for the first 6 months of life with their biological or cross-fostered mothers (n=4) and fathers in social groups consisting of 8 to 12 adult females (about half of which had same-aged infants) and 2 adult males. The PR monkeys (n=13; 7 female and 6 male) were separated from their mothers and housed in an incubator for the first 14 days of life. From days 14 to 37, they were placed alone in a nursery cage and provided a blanket and a terry cloth-covered rocking surrogate. At 37 days of age, they were placed in a cage with 3 other same-age monkeys with whom they had continuous access. The PR condition deprives animals of parental input and the opportunity to learn appropriate social behaviors and context during early development and is considered a model for early-life stress. Both rearing conditions are described in detail elsewhere. 30 After 6 months, PR and MR monkeys were raised together in a large social group that included adult, juvenile, and infant monkeys until the time of the study. At the time of the study, the rhesus monkeys were aged 24 to 32 years, a range considered to correspond to age 6 to 8 years in children. 31 The animals were transported in groups of 4 to the National Institute on Drug Abuse, where they were housed in pairs for about 1 month during which magnetic resonance imaging data were acquired. Paired housing allowed social interactions with familiar animals and, thus, limited the stress of the new environment. Protocols were approved by the institutional Animal Care and Use Committee of the National Institute on Alcohol Abuse and Alcoholism, the National Institute on Drug Abuse, and the National Institute of Child Health and Human Development, National Institutes of Health and Human Services.
NEUROCHEMICAL SAMPLING AND ANALYSES
One week before shipment, CSF and blood samples were collected from each monkey. Blood samples, 2 mL, were drawn from the femoral vein, and CSF samples, 2 mL, were obtained via cisternal puncture, both using intramuscularly administered anesthesia (ketamine hydrochloride, 10 mg/kg). The CSF sample data from 2 female monkeys (1 MR and 1 PR) were not analyzed because of contamination. All samples were collected between 11:30 AM and 2:30 PM, within 15 minutes of the investigator's entrance to the housing facility for capture and sampling. Cisternal CSF samples were immediately aliquoted into polypropylene tubes and frozen in liquid nitrogen. Blood samples were placed on wet ice and centrifuged at 4°C for 20 minutes. Then the plasma was aliquoted and frozen in liquid nitrogen. The CSF and plasma samples were stored at −80°C until assay. The plasma cortisol level was assessed using a commercially available radioimmunoassay kit (tkco5, Coat-aCount; Siemens Healthcare Diagnostics, Deerfield, Illinois). Simultaneous determination of 5-HIAA in CSF was performed with high-performance liquid chromatography using electrochemical detection as previously described.
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BRAIN IMAGE ACQUISITION AND ANALYSES
Each monkey was initially anesthetized using intramuscularly administered ketamine, 10 mg/kg. Anesthesia was maintained throughout the study with continuous infusion of intravenously administered propofol, 30 to 50 mg/kg/h. An individually molded thermoplastic face mask was secured to a custommade monkey head holder to reduce head movement during scanning. Vital signs were monitored continuously during the study.
Images were acquired using a 3.0-T scanner (Allegra; Siemens Medical Solutions, Inc, Malvern, Pennsylvania). The parameters for the 3-dimensional, T1-weighted magnetizationprepared rapid gradient-echo acquisition were as follows: repetition time/echo time/inversion time, 2500/3.49/1000 ms; 1 slab of 224 sections, 0.60-mm section thickness, 0.30-mm spacing, 8°-flip angle, 256 ϫ 256-pixel acquisition matrix, and 4 signals acquired. The acquisition was run at 4 excitations using dual-surface coils (Nova Medical, Inc, Wilmington, Massachusetts). The 3-dimensional slab was placed over the entire brain, centered, and angled on the anteroposterior commissures line.
Image processing was performed with Analyze 7.5 (Biomedical Imaging Resource, Mayo Foundation, Rochester, Minnesota). For manual tracings of the regions of interest (ROIs), T1-weighted images were converted to cubic voxel dimensions of 0.39 mm. All images were oriented in a standardized oblique plane to eliminate any bias in section angle. In the standardized orientation, the transaxial plane was parallel to the anteroposterior commissures line and perpendicular to the interhemispheric fissure.
ANATOMICAL SUBDIVISIONS
The ROIs were defined using the atlas of Saleem and Logothetis 32 and were measured by 1 rater blinded to subject sex and rearing condition; a second independent rater (S.C.) performed identical measurements to establish reliability and accuracy of the measurement, which was calculated for every ROI on each brain side. The minimum value for interrater and intrarater reliability, calculated as intraclass correlation coefficients, was 0.89 to 0.97, respectively. Manual tracing for the PFC, cingulate cortex (CingC), and HC were performed in the coronal plane, edited in the sagittal or axial planes, and reedited in the coronal view; the CC and CBV were drawn using the midsagittal view, and the intracranial volumes (ICVs) were traced on the axial view.
The ICVs were calculated by tracing each axial section, excluding the skull and the dura. A semiautomated, thresholdbased, region-growing algorithm was used to outline the brain in each axial section. The ICV was defined and subsequently measured as all gray and white matter tissues and CSF volumes in both hemispheres, including part of the midbrain. The inferior border of the pons was chosen for demarcation because it is readily and reliably identifiable on monkey brain images. 33 
ROI DEFINITIONS
The CingC ROI ( Figure 1A and B) comprised the entire CingC above the CC. The coronal section containing the initial appearance of the genu of the CC was selected as the anterior boundary, and the posterior boundary was the last coronal section containing the most posterior part of the splenium of the CC. The CingC was divided further into 2 subregions, the dACC and the posterior part of the CingC (PCC). The posterior border of the dACC was defined on the coronal view as the section previous to that in which the arcuate hypothalamic nucleus was apparent. The subsequent section marked the anterior border of the PCC ( Figure 1A , vertical line).
The PFL volume was traced on coronal sections ( Figure 1C ) in each hemisphere separately and included all gray and white matter tissue up to the most anterior coronal section containing gray matter. The posterior boundary was the coronal section before the initial appearance of the genu of CC. 34 The mPFC ( Figure 1D ) in each hemisphere was defined as the gray matter located along the medial wall of the PFL, with the posterior boundary based on the PFL tracing. Because of the difficulty in distinguishing the boundaries between gray and white matter in the most anterior sections, the anterior boundary was defined in the coronal view as the 10th section posterior to the first coronal section containing only gray matter. In 1 animal, the mPFC could not be traced because of image artifacts. In addition, to better characterize the mPFC subdivision that included the rostral ACC, we excluded the most ventral part from the measurement and analyzed the dorsomedial part (dmPFC). 34 Therefore, the mPFC was divided further into dorsal and ventral subdivisions by tracing a horizontal line parallel to the edge of the splenium of the CC on the coronal and sagittal views ( Figure 1E ). This line marked the first axial section (without the appearance of splenium) to be included in the ventral subdivision of the mPFC. The PCC and PFL volumes were measured to enable control of the specificity of our results in the mPFC and the dACC.
The HC ( Figure 1F and G) on each brain side was measured on coronal sections in an anteroposterior direction. The most anterior coronal section used for the analyses was defined on the sagittal section where the HC length was maximal and the rostral end of the HC was present at the most anterior point. The most posterior section was identified as a section in which the HC first appeared adjacent to the trigone of the lateral ventricle. 33 Two 0.6-mm sections anterior to this location were excluded from the determination of the HC volume because of lack of reliable boundaries for differentiating the amygdala from the HC. Volume measurements were performed using a region-drawing technique that relies on gray and white matter segmentation. Compared with other methods, such as the Cavalieri method, 35 which still requires identification of landmarks clearly visible on a T1-weighted magnetic resonance image, the region-drawing technique used is more time consuming. A stereologic approach eliminates the need to draw regions on each magnetic resonance imaging section and is free from mathematical bias. Nevertheless, manual segmentation is a highly reliable and reproducible method for volumetric measurements. Moreover, comparison between the results obtained using the 2 methods reveal that both yield high repeatability and precision. 36 For the CC analysis ( Figure 1E ), the midsagittal area of the CC was measured in its entirety and, based on its length, was divided further into 3 equal subdivisions: the anterior CC including the genu, rostrum, and the rostral body; the middle CC including the anterior and posterior midbodies; and the posterior CC including the isthmus and splenium. 37 Because the CC was often difficult to define using the midsagittal section, the adjacent section in the right hemisphere was used. The subregion analyses were conducted based on previous findings in children with PTSD related to maltreatment 5 and in rhesus monkeys reared in isolation 38 that showed that the middle or posterior part of the CC was more affected.
The CBV ( Figure 1H ) was drawn from the midsagittal section. 39 When the ROI was defined as an area rather than a volume, we normalized the measured area by dividing the square root of the area by the cubic root of the ICV to bring all measures to the same geometric dimensionality.
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DATA ANALYSES
Commercially available software (StatView 5.0.1; SAS Institute, Inc, Cary, North Carolina) was used for all statistical analyses. The Kolmogorov-Smirnov normality test was used to ensure the normal distribution of each measurement. To assess the effects of rearing condition and sex on each ROI, 2-way analysis of variance was conducted with rearing condition (MR or PR) and sex (male or female) as independent variables. When ROIs were measured in both hemispheres, repeated-measures analysis of variance with hemisphere was used as the withinsubject variable. The Pearson correlation (R) was used to investigate the relationship between ROI volumes and baseline levels of 5-HIAA and cortisol. Effects of rearing condition and sex on baseline levels of 5-HIAA and cortisol, in addition to ICV, weight, and age, were assessed using 2-way analysis of variance. All data are given as mean (SEM), with significance testing set as 2-tailed analysis with ␣ = .05. Correction for multiple comparisons was not applied; however, P values for each statistical analysis are provided. 
RESULTS
PHYSIOLOGIC CHARACTERISTICS
We found no sex or rearing differences in age (PϾ.17 and PϾ.35, respectively), weight (P Ͼ.29 and P Ͼ .33), baseline plasma cortisol concentration (P Ͼ .42 and P Ͼ .51), or CSF 5-HIAA concentration (P Ͼ .62 and PϾ.23) ( Table 1 and Figure 2 ).
BRAIN ANATOMICAL MEASURES
Peer-rearing did not affect total ICV (P Ͼ.49; 
Cingulate Cortex
The PR monkeys had larger dACC volumes compared with the MR monkeys (F 1,24 =4.46; PϽ.05; Table 2 ). As expected, there was no effect of rearing on either PCC (PϾ.79; 
22).
Analyses of the PFL showed a smaller size of this region in the right hemisphere compared with the left hemisphere (F 1,24 =11.41; PϽ .003; Table 2 ). There was also a rearing ϫ sex ϫ hemisphere interaction (F 1,24 = 7.24; P Ͻ .02); however, separate analyses for each hemisphere revealed no effect of rearing (right, PϾ .47; left, P Ͼ .77) or sex (right, PϾ .98; left, P Ͼ .68).
Hippocampus
Rearing condition and sex did not influence HC volume (PϾ.47 and PϾ.57, respectively (Table 2) , although the right HC was larger than the left (F 1,24 = 15.41; PϽ.001).
Cerebellar Vermis
The PR monkeys exhibited a larger CBV area compared with the MR monkeys (F 1,24 =14.33; PϽ .001; Table 2 ); however, there was no effect of sex in this area (PϾ.11).
Corpus Callosum
There was a significant main effect of subregions (F 2,48 =179.82; P Ͻ.001) and sex (F 1,24 =4.87; PϽ.04) on CC volume. Separate analyses for each subregion showed larger middle CC (F 1,24 =5.28; PϽ .04) and posterior CC (F 1,24 =9.37; PϽ .01) in female compared with male animals but no difference in the anterior CC (P Ͼ.53). The total CC area and studied CC subregions were not affected by rearing condition (PϾ.87; Table 2 ).
CORRELATION WITH BASELINE PLASMA CORTISOL AND CSF 5-HIAA CONCENTRATIONS
We found a significant correlation between the right dmPFC volume and 5-HIAA levels (R = 0.40; P Ͻ .05; Table 3 ). However, correlation between the left dmPFC volume and 5-HIAA levels did not reach significance (P Ͼ .06). None of the other volumes measured correlated with baseline cortisol or 5-HIAA concentrations.
COMMENT
Our data demonstrate that PR, a well-established model of early-life stress in nonhuman primates, has longterm consequences on morphologic brain development. That the data were collected several months after cessation of the stress exposure, when the monkeys were still juveniles, enabled us to investigate (1) the long-term consequences of stress on brain morphologic features and (2) brain abnormalities that are present independent of the influence of hormonal changes that occur during and after adolescence. In 2-year-old rhesus monkeys exposed to such an adverse environment during infancy, we observed an increase in size in the dorsal part of the mPFC, the dACC, and the CBV but no difference in the CC and HC volumes. There were also no changes in PCC, PFL, or ICV size, which suggests that the reported changes were not the consequence of a generalized abnormal brain development but were specific effects on brain regions particularly vulnerable to early-life stress exposure. The primary finding of the present study is increased dmPFC and dACC volumes in PR monkeys compared with MR animals. Because the dmPFC measure included the rostral part of the anterior CingC, these data suggest that the entire ACC might have been sensitive to early-life stress exposure. In support of the specificity of this result, we found no differences in the PCC.
Previous findings in human beings report reduced rACC volume in healthy subjects exposed to early-life stress 3 and reduced dACC in adults with abuse-related PTSD. 13 However, recent data demonstrate an increased volume of the middle inferior PFC gray matter (including the rACC) in pediatric PTSD, 34 which support our findings in nonhuman primates and suggest that developmental differences may be important.
On a cellular level, the abnormal ACC development could be mediated by several processes including altered neuronal organization, increased number or size of neurons or synapses, or nonneuronal changes involving the glia. Molecular changes in the ACC have been found in children and adolescents with maltreatmentrelated PTSD, 40 in adults with PTSD, 41 and in monkeys reared under variable foraging demand during infancy. 42 These magnetic resonance spectroscopy studies report a decreased N-acetyl aspartate-creatine ratio, which suggests neuronal or axonal loss. However, increased choline-creatine and myoinositol-creatine ratios in the ACC have also been found in PTSD. 43 Because myoinositol is considered a marker for glial cells, Seedat et al 43 suggest that in PTSD alterations in glial cells occur and may precede the decrease in N-acetyl aspartate. Even though structural magnetic resonance imaging studies are unable to address specific mechanisms that underlie brain volume increases, these findings suggest that glial cell abnormalities might have an important role in the increased ACC volume reported herein.
Numerous studies in human beings have reported diminished HC volume in patients with mood and anxiety disorders compared with healthy control individuals, and antidepressant treatments increase adult hippocampal neurogenesis. 8 In the present study, we found no HC differences as a function of early-life rearing history.
However, findings from rodent studies revealed that early-life stress may not have an immediate effect on the a Normalized values were calculated as region-of-interest volume/ICV. The CBV and CC were defined as areas rather than volumes; therefore, data were normalized by dividing the square root of the area by the cubic root of the ICV to bring all measures to the same geometric dimensionality. 36 All normalized values were multiplied by 1000.
Table 3. Correlation Between Normalized Volumes and Baseline 5-HIAA and Cortisol Levels
HC but induces changes over time that become manifest only in later phases of development. 44 Consistent with the delayed effects of stress on HC volume, decreased HC volume has been observed in adults but not in children. 5, 6 Moreover, no changes in the HC were reported in 18-month-old male rhesus monkeys raised in isolation for the first year of life. 38 Thus, it is possible that anatomical effects not evident in our 2-year-old cohort may be detected at a later stage in development.
Another brain area that was proposed to be sensitive to the effects of early-life stress exposure was the CBV. Similar to the changes reported in the dmPFC and dACC, an increase in CBV area was seen in PR monkeys compared with MR monkeys. It should be mentioned that, like the HC, CBV has a protracted period of postnatal ontogeny and high density of GRs and may, therefore, be particularly vulnerable to the effects of stress hormones. 2, 22 Imaging studies have described vermal abnormalities in resting blood flow in adults exposed to abuse during childhood, 15 and the role of the CBV in emotional regulation and anxiety is supported by evidence from case studies of various cerebellar disorders. 12 Our findings in combination with the data described support the hypothesis that early-life stress exerts deleterious effects on the development of the CBV, which suggests that the CB in general may have an important role in mood and anxiety disorders.
We found no difference between PR and MR animals in any of the CC measures. In contrast, previous findings showed a reduced CC size in 18-month-old male rhesus monkeys reared in isolation for the first year of life. 38 It is possible that CC changes were present 6 months earlier in development but that they were not detectable in 2-yearold rhesus monkeys. Another explanation could be that a longer period of stress exposure is necessary to induce these changes. However, white matter measurements in both studies were restricted to the CC and, thus, provide limited information about changes in connectivity between and within hemispheres. Because cognitive and emotional regulation relies on interactions between and within multiple brain networks rather than activity within single brain regions, further investigations using diffusion tensor imaging and functional connectivity analyses may provide a better understanding of how early-life stress influences the neural circuits of anxiety and stress.
Several maturational processes, including synaptogenesis, synaptic pruning, myelination, and in some regions, neurogenesis, contribute to postnatal brain development. By influencing the levels of neurohormones, neurotransmitters, and neurotrophic factors, chronic stress leads to adverse brain development. 1 Although PR did not affect baseline levels of 5-HIAA and cortisol in juvenile monkeys in our study, it is possible that more subtle changes occurred in specific brain regions. In support of this hypothesis, we found a correlation between 5-HIAA levels and the right dmPFC volume, which suggests a relationship between serotonin levels and dmPFC development. However, because the 5-HIAA level in the CSF reflects the net result of several processes in the brain including serotonin synthesis, release, and reuptake and does not provide information about specific regional changes, future studies will be important to clarify this finding.
There are several limitations to the present study. It is likely that the limited number of animals available led to a reduced statistical power to investigate rearing by sex interactions or correlations with physiologic measures (eg, the correlation between left dmPFC size and 5-HIAA did not reach the level of statistical significance). In addition, we did not correct for multiple comparisons. Therefore, our findings should be considered preliminary, and future studies will be necessary to confirm these results. Future investigations should also include behavioral measures of stress reactivity and anxiety, which would add important information about the functional consequences of the observed structural changes.
In summary, there is evidence that PR, a model of earlylife stress exposure in nonhuman primates, has longterm consequences on brain development. Increased volume of the dmPFC, dACC, and CBV were identified in juvenile rhesus monkeys, which suggests that these brain regions may be particularly sensitive to exposure to an adverse environment during infancy. Together, our data suggest that enlarged dmPFC, dACC, and CBV may be a structural phenotype during childhood for increased risk of developing stress-related neuropsychiatric disorders in human beings. 
